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ABSTRACT

A membrane protein, cytochrome c reductase, was crystallized and examined
using transmission electron microscopy. Two-dimensional crystals were prepared by two
methods. In Method 1, the protein was solubilized in 50 mM Tris-Acetate (pH 6.0)/0.5
mM EDTA70.05% (w/v) Triton

X-100 and reconstituted into a mixture of

phosphatidylcholine and phosphatidylserine (4:1), dissolved in the same buffer.

The

Triton X-100 was removed from the mixture by dialysis in the presence of Bio-beads
(SM-2) at approximately 25-30 °C. Method 2 was the same as Method 1, except that the
vesicles were fractionated before reconstitution, and the pH and temperature for
crystallization were 7.0 and 4 °C respectively.
After dialysis, the two samples were prepared for transmission electron
microscopy by negatively staining the specimens on copper (400 mesh) grids. Electron
micrographs of the proteoliposomes and single layered crystal sheets were taken along
with their diffraction patterns. The proteoliposomes contained amorphous deposits of
protein. The single layered sheets were highly ordered with protein. The unit cell for
Method 1 could not be solved due to aggregation and overlapping of the crystal sheets.
For Method 2, the unit cell is hexagonal, with p3 symmetry.
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1. INTRODUCTION.

1.1. RECONSTITUTION AND CRYSTALLIZATION OF MEMBRANE
PROTEINS.
Membrane proteins have a specific function in both mammalian and plant cells.
Information exchange, recognition, and sensing are membrane-mediated processes in
nature (1,2). Most membrane receptors monitor the presence of bacteria in plants and
mammals. Since lipid bilayers themselves cannot sense or transport information, proteins
must be incorporated in them to carry out this function. Membrane proteins have also
been used as molecular sieves and/or support devices as components of biosensors (2).
Because of the complexity of the composition of lipids and proteins in natural
membranes and the lack of methods for determining directly the nearest neighbors of a
given molecule within a complex, much more attention has been focused on
reconstitution and crystallization (3). Examples of membrane proteins that have been
studied are listed in reference 3.

Although it is not exhaustive, it gives a good

background on both reconstitution and crystallization procedures used to date.
The focus of the present study is the development of the best method of
reconstituting and growing two-dimensional crystal membrane proteins into artificial
vesicles. Cytochrome c reductase was chosen as a model protein. This exercise was
aimed at gaining the necessary expertise to eventually crystallize GPIIb/IIIa, which has
not been crystallized, nor has its three-dimensional structure been resolved. Cytochrome
c reductase is a membrane protein found in Neurospora Crassa mitochondria.
Previously, Leonard et al. (4,5,6,7) have crystallized and solved the enzyme’s threedimensional structure using electron crystallography. We have made some modifications
to the techniques described by Leonard and his colleagues to fit the equipment available
in our facilities. The techniques described here will later be used as a basis for making
two-dimensional crystals to determine the enzyme’s three-dimensional structure as it
appears in the lipid layer.
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1.2. ELECTRON CRYSTALLOGRAPHY.
Structural electron crystallography has become an excellent alternative to x-ray
diffraction studies for determining the structure of membrane protein crystals (3.6). As in
X-ray diffraction, electron crystallography is the quantitative use of electron diffraction
intensities to solve crystal structures (8). The very first membrane protein crystallized
was cytochrome oxidase (9). Since then, both soluble and membrane proteins have been
crystallized in lipid sheets and vesicles for analysis in transmission electron microscopy
(TEM). The crystalline sheets and proteoliposomes images (electron micrographs) are
viewed and diffraction patterns are obtained. To obtain a three-dimensional structure of
the specimen, data in the form of amplitudes and phases, must be collected from the
diffraction patterns. In order to model a three-dimensional structure accurately, sample
preparation and radiation damage must be handled with great care.
To obtain good two-dimensional crystals, the vesicle size, buffer pH and
temperature, and selection and method of detergent removal must be monitored closely.
Biological samples can also undergo radiation damage when viewed in electron
microscopes. When most biological samples are subjected to large doses of electrons, the
sample can become amorphous. It has been found that negative staining with heavy salts
(i.e. uranyl acetate, phosphotungstic acid, etc.) can help preserve biological samples from
radiation damage (8).
After good two-dimensional crystals have been obtained, their structures can be
determined using electron crystallography.

Using TEM, electron micrographs and

diffraction patterns of the two-dimensional crystals are taken to create a threedimensional model of the protein. DeRosier and Klug introduced digital methods for
calculating three-dimensional structures of inorganic, polymeric, and biological samples
(3,8). They found that digitized diffraction patterns using a densitometer produce data
that can be analyzed for reconstructing the image.

The digitized data are Fourier

components in the form of amplitudes and phases. The reverse Fourier transform of the
data is used in the three-dimensional reconstruction program to find the structure of the
protein.
In this study we have concentrated on making suitable two-dimensional crystals
that can be resolved using some of the methods described by Leonard and his colleagues.
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We have used a combination of two phospholipids,

phosphatidylcholine

phosphatidylserine, to reconstitute cytochrome c reductase.

and

The two-dimensional

crystals of cytochrome c reductase were grown using dialysis in the presence of SM-2
biobeads.

We have taken electron micrographs and diffraction patterns using

transmission electron microscopy in order to determine if the protein exhibit crystallinity
in the lipid bilayers.
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2. LITERATURE REVIEW.

2.1. CYTOCHROME C REDUCTASE.
Cytochrome c reductase is a membrane protein found in the inner mitochondria of
Neurospora crassa. It is a dimer having a total of eight different subunits. Interest in this
protein began when the three-dimensional structures of two membrane proteins,
cytochrome c oxidase and halobacterium halobium, were solved using electron
microscopy (3,4,8). Wingfield et al. (4) successfully crystallized this protein and solved
its three-dimensional structure using electron micrographs taken by a transmission
electron microscope.

The methods described by Wingfield have contributed to other

integral membrane proteins that have been solved to date.
2.1.1.

Structure and Phvsiochemical Properties.

Cytochrome c reductase

contributes about 10% of the mass on the inner mitochondrial membrane.

It has a

molecular weight (Mr) of 550,000 with eight subunits, two of the eight have been
crystallized in a separate studies performed by Leonard et al (5). The monomeric unit
has two b cytochromes, within the mitochondria membrane. Both of these cytochromes
have a Mr of 30,000 each. The monomeric subunit also contains cytochrome Ci (Mr 31,000), and an iron-sulfur subunit that are both on the outer surface of the bilayer
membrane (4,5). Three of these subunits have redox center, and the other five subunits
do not carry prosthetic groups, which are proteins having an organic group attached to
them. It is approximately 90

A

x 70 A (from electron crystallography) with a Stokes

diameter of 172 A (from gel filtration (4)). The structure of cytochrome c reductase can
be found in Figure 7.
2.1.2. Reconstitution.

Cytochrome c reductase has been reconstituted using

several methods in order to produce crystals suitable for electron crystallography studies.
Leonard et al. (5) have found that pH and temperature plays an important role in the
quality of two-dimensional crystals obtained.

Initially they crystallized cytochrome c

reductase into lipid vesicles by stirring SM-2 biobeads in the protein-lipid-detergent
solution. The turbid solution was at a pH and temperature of 7.0 at 4°C, respectively.
They found that crystallizing by this method produced a mixture of sheets, tubes, and
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small vesicles (6).

By lowering the pH to 5.5, raising the temperature to 25°C, and

using dialysis to remove the detergent, produced two-dimensional crystals that were
mostly in the form of sheets and large vesicles. The techniques used for cytochrome c
reductase have provided useful information for crystallizing both membrane and soluble
proteins.
2.2. THE LIPIDS.
Membrane lipids are amphipathic compounds that make up fifty percent of the
fats and oils in biological membranes. Depending on the type of intermolecular forces,
they may pack into rods, sheets, or vesicles. To minimize their energy in an aqueous
environment, the bilayers fold back on themselves forming spherical water filled cavities
called vesicles. Bilayers in the form of rods are most generally in micelle form. Their
hydrophobic regions are attracted to each other, excluding water, while their hydrophilic
regions are in contact with water. Two-dimensional lipid monolayers that stack on top of
each other are called sheets. Most proteins that are embedded in their natural membranes
resemble sheets.
There

are three types of membrane lipids;

1) glycerolphospholipids,

phospholipids that are composed of two fatty acid chains joined to glycerol; 2)
sphingolipids, phospholipids composed of one fatty acid chain joined to an amine; and 3)
sterols, which are lipids that are joined together by four fused hydrocarbon rings (1).
Glycerolphospholipids are derivatives of phosphatidic acid and are used most often in
reconstitution procedures. The compounds phosphatidylcholine and phosphatidylserine
are glycerolphospholipids that get their name from the parent group, “phosphatidyl” and
the alcohol head groups attached to them “choline” and “serine”. Phosphatidylserine and
phosphatidylcholine have been used most abundantly to study the protein’s function in a
bilayer membrane.
Phosphatidylcholine (PC), which is also known as lecithin, consists of two fatty
acid chains, one saturated and the other unsaturated.

It has a high source of

polyunsaturation in the fatty acyl chains in plants and contains a higher proportion of
fully saturated chains mammals.

Phosphatidylserine (PS) consists of two fatty acid

chains, one saturated and the other unsaturated. Its interaction during aggregation is
described by van der Waals interaction. If PC is used alone, it can inhibit fusion with
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isolated

proteins;

therefore

it

should

be

used

in

conjunction

with

PS

or

phosphatidylamine (PA). Studies also show that using PS or PA without PC can also
produce unstable vesicles (10).

PC and PS have phase transition temperatures, the

temperature in which phospholipids are no longer in crystal form, of 43 °C and 38 °C
respectively.
2.3. RECONSTITUTION AND CRYSTALLIZATION.
Membrane proteins must be studied in their natural environment. Large vesicles
are appropriate since they have less curvature and resemble the curvature of whole cells
(9,10,11,12).

During most reconstitution experiments, protein fusion into vesicles is

sometimes inhibited. Many factors may contribute to protein fusion into vesicles such as:
a) Vesicle size;
b) Phospholipid to protein concentration;
c) Transition temperatures and buffer pH;
d) Type and amount of detergent added.
The vesicle size is very important during reconstitution and crystallization
procedures. The sharp curvature of small vesicles may affect protein packing. Therefore,
large vesicles (- 400 nm and higher) are better to use in reconstitution experiments.
The phospholipid concentration also plays an important role in the stability of the
vesicles and the amount of protein that is adsorbed into the vesicle bilayer (10,11). For
most experiments, the mass ratio of lipid to protein must be 3:1 and higher to form stable
proteoliposomes.
Hovmoller et al. (5) have found that varying the pH and temperature during
reconstitution contributes to the size and order of the crystals obtained.

At low

temperatures, lipid bilayers form densely packed crystalline structures (7).

The

incubation at temperatures above the transition temperatures of the phospholipids being
used causes the lipid bilayers to become more mobile and expand to allow the protein to
pack in a more ordered array.
Detergent mediated processes are used in almost all reconstitution procedures. It
has been found that the type of detergent added to certain protein-lipid solutions can
affect the protein’s stability (10,11,12,13). Certain ionic detergents can be removed more
easily from detergent-lipid-protein solutions, but the removal is risky since it can
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denature proteins.

It is thought that proteins purified in the presence of non-ionic

detergents usually arrange in sheets rather than micelles, which is a better starting point
for crystallization (10).

Detergent removal from detergent-lipid-protein micellar

solutions has also been explored extensively in the literature (12,13).

Triton X-100 is a

non-ionic detergent that has been used in most reconstitution and crystallization
experiments. The detergent has a polar head and a long hydrophobic tail that stabilizes
the protein in solution. One of the drawbacks of using this detergent is its low critical
micelle concentration, cmc. This makes the detergent very difficult to remove. Removal
by dialysis can take up to 5 days with only 90% of the detergent removed (10). It has
been found that polystyrene beads (SM-2 Biobeads) are useful for removing the detergent
from protein-lipid-detergent complex (11,12).
2.4. TRANSMISSION ELECTRON MICROSCOPY.
The electron microscope has the ability to permit the visualization of both the
object and its diffraction patterns.

It consists of an electron gun, condenser lens, the

objective lens, projector lenses, goniometer stage, viewing screen, and a recording
system.
The electron gun produces and accelerates a stream of electrons through an
object. These electrons illuminate the sample in the form of waves. The interference
among these waves causes the diffraction pattern seen at the back focal plane.

The

condenser lens controls the radiation in an illumination system. When the electrons are
illuminated through a specimen, their passage is modified by both elastic and inelastic
interactions (3). The elastic interactions are what cause the diffraction patterns of the
sample. As the waves exit the crystal, the incident electrons may lose large amounts of
energy by inelastic interactions, leading to the formation of highly reactive ions and free
radicals (3).

Inelastic interactions is what cause radiation damage to the sample. The

objective lens forms a real, inverted, and magnified image of the object. There is an
array of projector lenses that focuses the electrons onto screen to produce a visible image
of the specimen. The goniometer stage is used for the tilting of the specimen in a range
of ±60° around the rod axis. Most biological samples are thin three-dimensional objects.
Since the third dimension cannot be visualized, the sample is rotated about its axis to
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recover this missing information. Lastly, a viewing screen and recording system produce
a permanent copy of the image or electron diffraction pattern (3, 8).
The advantage of using electron diffraction patterns opposed to x-ray or neutron
scattering are that direct images and diffraction patterns of an object can be used to
determine the structure of a crystalline object. Also the scattering cross section of matter
for electrons is approximately 103 times as great as x-rays and 104 times as great as
neutrons. This allows for much smaller crystalline objects to be studied as single crystals
using electron beams than with the other two commonly employed methods to resolve
interatomic distances (9).

3. MATERIALS.

Cytochrome c reductase, egg phosphatidylcholine, bovine brain phosphatidylserine,
and the detergent, Triton X-10, used to solubilize the protein and lipids for reconstitution
were purchased from Sigma Chemical. Sephadex G-200 was used in the gel-permeation
experiments and as purchased (Pharmacia).

The bioBeads, SM-2, used to extract the

detergent from the lipid-protein-detergent complex was purchased from Biorad.

The

400-mesh grids used for TEM preparations were purchased from Electron Microscopy
Sciences (Fort Washington, PA). All other chemicals were analytic grade.
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4. METHODS.

4.1. CYTOCHROME C REDUCTASE.
For Method 1, cytochrome c reductase was solubilized (1.0 mg/ml) in 50 mM
Tris-Acetate/0.5 mM EDTA/0.05% (w/v) Triton X-100 at a pH of 6.0. For Method 2,
cytochrome c reductase was solubilized in the same buffer as before, but the protein
concentration was 2.8 mg/ml and the pH 7.0. Both of the enzyme-detergent complexes
were mechanically shaken for five hours at 30 °C and then stored at 4 °C for no more
than 4 days before use.
4.2. PHOSPHOLIPIDS.
4.2.1. Preparation for Method 1. Phosphatidylcholine and phosphatidylserine
(4:1 w/w) were dissolved in chloroform and then twice dissolved in diethyl ether by
rotary evaporation. Vesicles were formed spontaneously when an excess volume of 50
mM Tris-Acetate (pH 6.0)/0.5 mM EDTA/0.25% Triton X-100 aqueous buffer is added
to the dry lipid and mechanically shaken for four hours at 30 °C. The vesicles were used
in the reconstitution experiments immediately afterwards.
4.2.2. Preparation for Method 2. Multilamellar vesicles were prepared by the
same method as in Method 1, but an excess volume of 50 mM Tris-Acetate (pH 7.0)/0.5
mM EDTA/0.25% Triton X-100 aqueous buffer was added to the dry lipid and
mechanically shaken for four hours at 30 °C.

After shaking, the vesicles were

fractionated using gel-permeation chromatography. A column (0.7 X 50 cm) was packed
with Sephedex-200 and equilibrated for two days. Packing flow rates were recorded at
2.2 ml/min.

Sample loading and fraction volumes were 1-2% of the total column

volume. The average diameter of the lipid vesicles was determined by dynamic light
scattering and checked by transmission electron microscopy. A Fiber Optic Quasi-Elastic
Light Scattering (FOQELS) instrument from Brookhaven Instruments Corporation was
used. Before fractionation, the average diameter of the vesicles was approximately 310850 nm (Appendix A). Vesicles with an average diameter of approximately 874.9 nm
(Figure 4.1) were used for reconstituting cytochrome c reductase according to Method 2.
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The polydispersity of the vesicles preparation was 0.005, which is very close to having
monodispersed vesicles in solution.

Diameter (nm)

Figure 4.1. Hydrodynamic diameter data for fractionated vesicles before
reconstitution.

4.3. RECONSTITUTION OF CYTOCHROME REDUCTASE
4.3.1.

Method 1. Two-dimensional crystals of cytochrome c reductase were

grown by mixing the protein-Triton complex with the vesicle-Triton solution for five
hours. The Triton X-100 was dialysed in the presence of SM-2 (2-grams wet) BioBeads
at 25-30 °C for 48 hours, changing the buffer once after 24 hours. The dialysis buffers
contained 50 mM Tris-Acetate (pH 6.0). The protein-lipid complex was mechanically
shaken gently for 1 hour at 25 °C and then stored at 4 °C for two days before staining.

12
contained 50 mM Tris-Acetate (pH 6.0). The protein-lipid complex was mechanically
shaken gently for 1 hour at 25 °C and then stored at 4 °C for two days before staining.
4.3.2.

Method 2. Two-dimensional crystals of cytochrome c reductase were

grown by mixing the protein-Triton complex with the phospholipid-Triton solution (with
a vesicle size of - 874.9 nm) for five hours. The Triton X-100 was then subjected to
dialysis in the presence of SM-2 BioBeads outside of the dialysis bag at 25-30 °C for 48
hours. The buffer was changed once after 25 hours. The dialysis buffers contained 50
mM Tris-Acetate (pH 7.0).
4.4. TRANSMISSION ELECTRON MICROSCOPY.
The specimens were negatively stained by the following method: 15-25 |ll droplets of the
sample was pipette onto a clean strip of parafilm followed by 2 droplets of nanopure
water and one droplet of 4% (w/v) of aqueous uranyl acetate. A coated copper grid (400
mesh) was touched horizontally to the sample for 25 seconds, to the nanopure water
droplets 5 seconds each, and then to the uranyl acetate for 45 seconds. The excess liquid
was removed with filter paper between each step by holding it perpendicular to the grid.
The sample was then allowed to dry overnight before use in the electron microscope.
A Philips EM430T Scanning Transmission Electron Microscope equipped with a
60-degree tilt eucentric goniometer stage was used. The accelerating voltage and camera
lengths used for Methods 1 and 2 were 100 kV and 500 mm respectively.

The

wavelength, X = 3.7 10*3 nm, was found in Table 3.1 of reference (15). For Method 1,
micrographs of the proteoliposomes and the electron diffraction patterns were taken at a
magnification of 122,000x and camera length of 500 mm respectively.

The camera

constant was checked by obtaining the diffraction pattern of gold crystals. The electron
micrographs and diffraction patterns were tilted at 0° and ±5°. Both the images and
diffraction patterns are shown in Appendix B.
For Method 2, the micrographs of crystalline sheets were taken at a magnification
of 52,100 x and 69,000 x. The diffraction patterns were taken at 0° and ±15° tilt, at a
camera length of 500 mm.

Probably due to radiation damage, the sample became

amorphous at tilt values higher than ±15°.
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5. TW O -D IM EN SIO N A L CRYSTALS AND D IFFR A C TIO N PA TTERN S.

A crystal is a solid composed of atoms arranged in an orderly repetitive array (3).
Two-dimensional crystals are very easy to visualize. Imagine an auditorium section with
rows and columns of seats in an almost perfect alignment. The section that the seats
occupy can be thought of as a unit cell and each of the seats in that section can be thought
of as a protein. All of the spaces between the individual seats can be thought of as the
lipid bilayer.
The ability to form two-dimensional crystals is not much different from
reconstitution. It requires the same methods of incorporation, but some of the
experimental parameters must change. To date, to form membrane crystals is a tedious
and difficult task. The experimental methods chosen in some cases are very dependent
on how the protein is extracted from the cell membrane. Two-dimensional crystallization
is important to both the determination of three-dimensional structures and membrane
function.
Three-dimensional structures of biological two-dimensional crystals are best
resolved using TEM. TEM entails the use of diffraction patterns to obtain the necessary
data required for structural analysis. Diffraction patterns are related to a particular object
being analyzed through a series of Fourier transform pairs.

When an object is to be

viewed, it is placed at the proper focal length from the lens so that its diffraction pattern
can be visualized at the back focal plane. This relationship between the object and its
diffraction pattern can be related by the distance between two points of an object at
length Irl. The object is related to the diffraction pattern by the same distance on its back
focal plane, by the reciprocal length Isl and can be shown by Fourier transforms using the
equation:

F(s) =

f /(r)e x p (2 ;rir -s)dr = FTf(r)

(1)
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The diffraction pattern is the scattering distribution of the crystal, which is
sampled in reciprocal space by the reciprocal lattice.

This information can be anti

transformed and used in the three-dimensional reconstruction of that particular crystal.
Much of the information required for the analysis of membrane crystals can be
obtained from their scattering data. The lattice spacing of a specimen can be measured if
the accelerating voltage (Ev) and the camera length is known. The diffraction pattern
tells what is the spacing in a unit cell (Figure 5.1).

D iffra ctio n sp o ts

Figure 5.1. The relation between the spacing of the 2-D crystals with respect
to the diffraction pattern.
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The incident beam will cause diffraction spots to appear on the opposite side of
the specimen.

The camera length is denoted by L, the distance between the two

diffraction spots is denoted by R, where this is the length between direct beams
diffraction spot and a diffracted spot outside of the origin, and 29 is the angle between the
diffracted spots. A relation between the diffraction spots and lattice spacing can be found
using Bragg’s law, which is:
— = 2 sin#
d

(2)

Since 9 is small, 2 sin 9 is approximately tan 29. From Figure 1, the tangent of 29
is shown by:
— = tan 29 ~ 29
L

(3)

R _ A
L“ d

(4)

to give the equation

Rearranging equation 4, we have

Rd = AL,

(5)

Which can be used to calculate the lattice spacing in a specimen if the wavelength
and the camera length are known. The right side of equation 4, AL, is called the camera
constant (19). In this study, we have determined what the lattice spacing of the crystals
in order to determine how they are arranged in the lipid bilayer.
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6. RESULTS AND DISCUSSION

6.1.METHOD 1.
In this method, we have grown two-dimensional crystals at a pH of 6.0 and ~ 2530 °C. We found that this method produced mostly small (-150-300 nm) vesicles and
crystalline sheets. There were a few large vesicles with proteins incorporated in them,
but they did not show any crystallinity. The contrast of the vesicles is what determines
whether protein is incorporated in them or not (Figures 6.1 and 6.2).

Figure 6.1. Vesicle without cytochrome c reductase incorporated in it.
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Most of the single layered sheets were small and required high magnifications,
122,000 x, to view them. Most of the crystalline sheets looked like Figure 6.3, in which
there was an ordered crystalline array, but each of the sheets were stacked on top of each
other, showing Moire’ fringes in their diffracted patterns (Figure 6.4).
We have found that the incubation time before staining is an important variable
when trying to form crystals in the form of sheets. It is believed that storing the samples
for two days at 4 °C before staining caused the sheets to aggregate and stacking of the
sheets occurred. The crystalline packing can be seen in the diffraction pattern for Figure
4. The diffracted spots (Figure 6) appeared as rings around the center spot. This result
was consistent with what is observed in the electron micrograph. The expected lattice
spacing (~ 9nm) cannot be seem because the scattering angle used in these experiments
was too large.

The unit cell and symmetry parameters were not available for this

diffraction pattern. This is due to the doubling of the diffraction pattern spots, which in
turn appear as rings. The samples were also tilted in order to determine if the crystalline
order would remain constant (see Appendix B). There was no profound effect of the
lattice structure at tilted values of ± 5°.

Figure 6.2. Proteoliposome at low magnification.
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Figure 6.3. Crystalline sheets of cytochrome c reductase.
Scale bar represents 100 nm.

Figure 6.4. Diffraction pattern of cytochrome sheets shown
in Figure 6.3.
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6.2.METHOD 2.
We have found that Method 2 produces mostly crystalline sheets and vesicles.
The vesicles contained protein, but the proteins were not arranged in a crystalline array.
The vesicles had a similar appearance as those seen in Figure 6.1. Changing the pH and
temperature to 7.0 and 4 °C, and staining the samples immediately for TEM produced
single layered crystals (Figure 6.5).

Figure 6.5. Single layered crystal sheet of cytochrome
c reductase. Scale bar 0.1 micron.

The magnification used for the electron micrograph in Figure 6.5 was 52,000x.
This micrograph is of a single layered crystal sheet and proteoliposome below it. The
proteoliposome has magnifications much smaller than that for Method 1.
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Figure 6.6.

Diffraction pattern for the single layered crystals shown in
Figure 6.5.

The crystallinity cannot be seen in this micrograph, but according to the
diffraction pattern shown in Figure 6.6, the protein was reconstituted in a very ordered
array.
This diffraction pattern is hexagonal and corresponds to p3 symmetry. Leonard et
al. (7) found that the diffraction pattern was rectangular corresponding to mm symmetry.
The lattice spacing was found to be 16 nm. In this case, the lipid to protein ratio may
have caused a hexagonal structure to occur in the crystalline structure. It should be also
noticed that a rectangular lattice observed from its diagonal will produce a similar
spectrum to an hexagonal one. It is believed that at high lipid-protein ratios, the lipid
membrane is larger and the protein ordering may be further apart (13).

In order to

decrease the amount of lipids in the solution, the crystals could be treated with
phospholipase A2 (10, 11). The smaller lattice structure may have contributed to several
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proteins packing more closely into the lipid bilayer.

Many proteins may pack

approximately 2-20 nm apart. This result seemed to be consistent in the first Method as
well.
Many factors may have contributed to formation of the membrane crystals. The
process by which the detergent was removed may have had a significant effect on how
the crystals are ordered in the membrane. Since the crystals were formed using dialysis
in the presence of BioBeads (opposed to dialysis in the previous studies (12,13)), it may
have contributed to how the protein was reincorporated. It is possible that the protein
was aggregated before incorporation, causing very close packing in the lipid bilayer. At
high lipid-protein ratios, the lipids are more loosely packed, allowing for more protein to
be incorporated in them.
The samples were tilted at + 15° (see Appendix C).

During the tilting

experiments, many of the samples became amorphous. It was inconclusive if negative
staining of the crystals actually preserved the crystals during the tilting experiments.
Other factors may have contributed to radiation damage such as, high accelerating
voltages. The voltages used in this study may have been too high for biological samples.
Most membrane crystals were observed at 80 kV in the literature (11,12). Another factor
contributing to radiation damage may be due to high magnifications when viewing the
specimens. Without further study, it can not be totally concluded that these were the only
factors that hindered successful tilt angles to be recorded.
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7. CONCLUSIONS.

In this study, variation of pH and temperature has not shown a significant effect
on the quality and order of the crystals obtained. On the contrary, in Method 1 incubation
of the lipid-protein complex before staining seems to be an important factor when
studying membrane crystal structures. Therefore, staining immediately after preparation
will prevent stacking and aggregation of the crystals. One way of preventing aggregation
before preparation is to increase the shaking times of the protein-detergent complex.
Also, adding a higher percentage of detergent to the enzyme’s buffer solution may also
contribute less aggregation.
Phospholipid preparations may also have contributed to the type of crystals that
were observed. Fractionating the vesicles before reconstitution may have reduced the
amount of aggregation that occurred in the sample. It may also have had an effect on
single layered sheet formation after protein incorporation. In Method 2, there was no
stacking of the single layered sheets. In conclusion, fractionating and incubation times
may have a profound effect on the quality of crystals observed in the diffraction pattern.
Radiation damage during the tilting experiments prevented higher tilt values to be
recorded. Reducing Ev and viewing the samples at low magnifications may prevent the
samples from becoming amorphous.

APPENDIX A
FRACTIONATION OF THE VESICLES
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Figure A. 1. Hydrodynamic diameter for unfractionated vesicles before reconstitution.

APPENDIX B
MICROGRAPHS AND DIFFRACTION PATTERNS (METHOD 1)
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Figure B.l. Electron micrograph of single layered membrane crystals titled +5°,
clockwise from the origin.
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Figure B.2. Diffraction pattern of the electron micrograph shown in Figure B.l
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Figure B.3.

Electron micrograph of a single layered membrane crystal titled -5°,
clockwise from the origin.

29

Figure B.4. Diffraction pattern of the electron micrograph shown in Figure B.3

APPENDIX C
MICROGRAPHS AND DIFFRACTION
PATTERNS (METHOD 2)
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Figure C .l. Single layered membrane crystal. Scale bar represents 0.1 micron.
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Figure C.2. Diffraction pattern for image shown in Figure C.l.
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Figure C.3. Electron micrograph of single layered crystal tilted +15° counter clock
wise from the origin. Scale bar represents 0.1 |im.
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Figure C.4. Diffraction pattern of Figure C.3., taken at + 15° tilt.
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